Aggregation of proteins and peptides is a widespread and muchstudied problem, with serious implications in contexts ranging from biotechnology to human disease. An understanding of the proliferation of such aggregates under specific conditions requires a quantitative knowledge of the kinetics and thermodynamics of their formation; measurements that to date have remained elusive. Here, we show that precise determination of the growth rates of ordered protein aggregates such as amyloid fibrils can be achieved through real-time monitoring, using a quartz crystal oscillator, of the changes in the numbers of molecules in the fibrils from variations in their masses. We show further that this approach allows the effect of other molecular species on fibril growth to be characterized quantitatively. This method is widely applicable, and we illustrate its power by exploring the free-energy landscape associated with the conversion of the protein insulin to its amyloid form and elucidate the role of a chemical chaperone and a small heat shock protein in inhibiting the aggregation reaction.
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protein aggregation ͉ quartz crystal microbalance ͉ biosensors I t is increasingly clear that peptides and proteins are inherently susceptible to aggregation and amyloid formation (1) , and that these processes underlie directly or indirectly pathological events associated with a wide range of medical disorders, including Alzheimer's disease and the prion conditions (2) (3) (4) . Aggregation is also a major problem in biotechnological and pharmaceutical applications, where it interferes with the characterization and production of therapeutically active polypeptides (5) . Although much has been discovered about amyloid formation (6) (7) (8) , it has proved to be extremely challenging to effect quantitative in vitro measurements of the kinetics and thermodynamics of fibril growth, which are essential for developing a systematic approach to explore strategies that prevent or delay the onset of the formation of protein aggregates and to characterize the fundamental parameters governing the aggregation process (9) . A range of techniques has therefore been developed to study the kinetic aspects of these events (10) (11) (12) (13) , and the prevailing methods include monitoring the increase in light scattering of a growing amyloid suspension, or the change in fluorescence or absorption of dyes that bind to amyloid (10) . However, the heterogeneity of the resulting aggregation products and the present lack of detailed knowledge of their structure at the molecular level makes in some cases the quantitative interpretation of the data challenging. For example, light-scattering measurements are highly sensitive to processes other than fibril growth, such as fibril-fibril association, sedimentation of the aggregates, and the rheological properties of the suspension or gel (13) . Similarly, understanding the mechanism of binding of dyes remains a topic of current research; the stoichiometry of binding is difficult to measure, and in certain cases, dyes can bind nonspecifically to nonamyloid structures (14) , such as amorphous aggregates, or even to soluble native protein (10, 12) .
Additionally, the presence of dyes that interact with the growing fibrils can influence the kinetics of the reaction to be measured (11, 12) . More recently, other methods have been developed that enable the growth of individual fibrils to be directly monitored with atomic force microscopy (AFM) (15) (16) (17) (18) (19) (20) , total internal reflection fluorescence microscopy (21) , or experiments that detect the growth of an ensemble of fibrils by surface plasmon resonance (22) or dynamic light scattering (13) . In addition, methods have emerged that concentrate on monitoring, by mass spectrometry (23) or high-performance liquid chromatography (24) , the changes in the concentrations of the precursor protein as a measure of its incorporation into growing fibrils.
In this article, we describe an alternative approach to following amyloid formation and show that it is possible to measure accurately and directly the kinetics of amyloid growth by monitoring in real time the increase in the mass of the fibrils and hence establish the change in the number of protein molecules in the aggregated phase, using a method based on quartz crystal microbalance (QCM) sensors (25, 26) . We then show that such quantitative measurements enable insights to be gained into the thermodynamical parameters and molecular mechanisms behind the aggregation reaction.
Results
Quantitative Measurements of Fluctuations in Fibril Mass. We have used the protein insulin to demonstrate the potential of microbalance sensor-based kinetic measurements. We first created well defined sites for amyloid growth on the surface of a QCM sensor by adsorbing on to it short fibril segments prepared by sonication of preformed fibrils ( Fig. 1 A and C) . The rest of the exposed surface was then passivated by using an inert mono-layer (see Materials and Methods), which prevents any nonspecific protein adsorption, an essential requirement for precise measurements. When the sensor is brought into contact with a fresh solution of insulin (Fig. 1B, blue trace) , individual insulin molecules bind onto the seed fibrils, resulting in a mass increase. On the other hand, in the absence of seed fibrils, no mass increase was observed even in the presence of soluble insulin (Fig. 1B, green trace) , demonstrating that the mass changes directly monitor the growth of the fibrils. To obtain quantitative information on the kinetics of this process we monitored the resonance frequency f of surface shear waves on the sensor: when the mass on the surface increases by ⌬m the frequency decreases by ⌬f, as described by the Sauerbrey equation (27) : ⌬m ϭ ϪC ⌬f norm , where C is the mass sensitivity constant, f norm ϭ f n /n is the normalized frequency, and n ϭ 3, 5, 7 is the overtone number corresponding to the observed higher harmonics. The high sensitivity of such kinetic measurements can be seen to stem at a fundamental level from the fact that the frequency of a signal can essentially be measured with higher precision than any other physical quantity and should therefore preferentially be used, a concept highlighted, for example, in the Nobel lecture by T. W. Hänsch (28).
A typical measurement of the oscillation frequency shift is shown in Fig. 1E . When the surface is exposed to a control solution containing no protein, the total mass of the fibrils on the surface remains constant, and hence the oscillation frequency does not change (Fig. 1E, 0-119 min) . After incubation in the protein solution at 1 mg/ml (I in Fig. 1E ), ⌬f decreases, because of the sequential attachment of protein molecules to the fibril ends (Fig.  1E, 120-960 min) . The change in hydrodynamical mass is directly proportional to the number of molecules attaching to the fibrils. In this article, we generally focus only on relative changes in the growth rates in response to changes in intrinsic or extrinsic factors; we can nevertheless estimate the order of magnitude of the absolute growth rates. For example, in Fig. 1E , we observe a frequency shift of 219 Ϯ 1 Hz over 14 h, corresponding to a mass increase of dm/dt ϭ 83 Ϯ 0.2 pg/s or an approximate average growth rate of dN/dt ϭ 8.1 ⅐ 10 9 Ϯ 1.4 ⅐ 10 6 individual insulin molecules per second. We can estimate the surface density ϳ 250 Ϯ 100 m Ϫ2 of the seed fibrils from AFM images (Fig. 1C) , and therefore our results indicate an approximate elongation rate constant of 9.2 Ϯ 3 ϫ 10 3 s Ϫ1 ⅐M Ϫ1 for 0.17 mM protein concentration, corresponding to on average one molecule attaching to a fibril every 3.1 Ϯ 1.2 s. Calculations based on the diffusion coefficient of insulin (see Materials and Methods) suggest that approximately one in 10 5 molecular collisions with the end of a fibril results in attachment. We note that this rate constant is similar in magnitude to the results from previous high-temperature measurements of insulin fibril growth in solution extrapolated to room temperature (17) .
To check independently these results by AFM ( Fig. 1 C and D) we convert the growth rate to a length increase as a function of time: density arguments (17, 29, 30) together with the dimensions of the fibrils (30) imply that there are three to seven molecules per cross-section, and previous x-ray diffraction studies suggest that there is one molecule every 0.48 nm along the fibril axis in an amyloid fibril (31) ; therefore, the elongation rate of 0.32 molecules per s per fibril is equivalent to a length increase of 0.03 Ϯ 0.01 nm/s. Based on these assumptions, over 14 h of continuing growth a total length increase of at least 1.4 Ϯ 0.7 m is expected, a value of similar order of magnitude than the direct observations by AFM in Fig. 1 C and D. The shorter length of fibrils in AFM compared with the estimate from the QCM measurements can be rationalized by the additional contributions to the hydrodynamic mass from water molecules hydrating the proteins and viscoelastic effects. The very slow growth rate at room temperature is still detectable because of the high sensitivity of the sensor; indeed only 5 min of growth are required for the accurate determination of the rate, such that the data in Fig. 1C suggest that a single sensor remains fully functional for the time required for Ͼ100 individual measurements.
To probe the process by which protein molecules are incorporated into growing amyloid fibrils, we first examined the dependence of the growth rate on the concentration of soluble insulin as shown in Fig. 2 . At low concentrations, we observed the reaction rate to increase linearly with the protein concentration, indicative of a bimolecular reaction between the fibril ends and the precursor protein in solution as has been observed in other systems (32) . Interestingly, however, at high concentrations, we observed a less than linear relationship between the growth rate and protein concentration. This result is in agreement with previous measurements on the aggregation of insulin (33) , and similar behavior has been reported for different amyloid systems such as the NM domain of yeast prions (32) , and suggests that at higher concentration a conformational rearrangement occurring after the precursor protein has attached to the fibril becomes the rate-limiting step. Such a two-step ''dock and lock'' process has also been observed for the aggregation of the A␤ peptide (34, 35) and could be a common feature of the aggregation of proteins and peptides. In addition, high concentrations could promote the formation of oligomers in solution, thereby decreasing the availability of free precursor protein. In this article, we focus on the lower concentration region and probe the physico-chemical aspects associated with the attachment of protein molecules to the fibrils, resulting in amyloid growth.
Thermodynamics of Amyloid Growth. Having established the robustness of this method, we now use it to explore the thermodynamic parameters that characterize fibril elongation, such as the freeenergy barrier that a protein has to overcome to transform from its solvated structure into the fibrillar state and the corresponding enthalpic and entropic contributions to this energy. The elongation rate was measured at different temperatures. Initially (Fig. 3A , 0-20 min), at a given stabilized temperature (Fig. 3B) , the oscillation frequency of the system was constant. An injection of a solution , resulting in a decrease in the resonance frequency of the quartz crystal oscillator (E, blue line); in the absence of seed fibrils (E, green line) no shift is measured. The length before (C) and after (D) growth on the gold surface from AFM images is in agreement with the frequency shift measured in E as described. The fibrils were exposed to insulin solution at the time indicated by (I). In C and D the scale bar is 1 m, and the fibril suspension was diluted by a factor of 5 relative to the QCM measurements to facilitate visualization.
containing insulin resulted in a frequency decrease with time caused by the mass loading from the addition of molecules to the growing aggregates (Fig. 3A , gray band, 20-50 min). When the protein solution was replaced with water the mass remained constant (Fig. 3A, 50 min) , the temperature could then be changed (Fig. 3B) , and the solution reintroduced to probe the growth (Fig.  3A , gray band, 70-100 min) of the same fibrils under the different conditions after a new equilibrium was reached (Fig. 3A , 50-70 min) at the higher temperature. Measurements of this type in Fig.  3C show that the rates of fibril growth accurately follow Arrhenius type behavior with an enthalpic activation barrier of ⌬H ‡ ϭ 24.4 Ϯ 1 kcal/mol in the temperature range tested. This observation does not exclude deviations from Arrhenius behavior over wider temperature ranges, as can be the case for protein folding (36) . The value of the activation energy, equivalent to the bond energies of approximately five hydrogen bonds, suggests that significant conformational remodeling is involved in the conversion to the amyloid state. Transition-state theory predicts (13, 36) that the growth of the number of monomers N incorporated into fibrils is exponentially modulated by the Gibbs free energy ⌬G ‡ of the transition state between the native structure of the protein and its configuration in the fibrillar state: dN/dt ϭ ⌫exp(Ϫ⌬G ‡ /k B T), where ⌫ is a kinetic prefactor. In general, in this article we analyze relative changes in the free energy, and therefore the value of ⌫ does not appear. However, following a procedure described in ref. 13 and outlined in Materials and Methods, an order of magnitude value can be given, enabling us to estimate the absolute value for the Gibbs free energy of activation ⌬G ϭ Ϫ1/(k B T)ln(dN/dt/⌫) ϭ 6.1 Ϯ 2 kcal/mol. This allows for further deconvolution of the elongation barrier into the enthalpic ⌬H ‡ ϭ 24.4 Ϯ 1 kcal/mol and entropic T⌬S ‡ ϭ Ϫ16.8 Ϯ 2 kcal/mol contributions. The data reveal that the rate of insulin aggregation is controlled by a competition between two effects of similar orders of magnitude: the process is entropically favorable but enthalpically unfavorable. A similar conclusion has been drawn for a different type of approach with the A␤ peptide (13) , suggesting that such a competition could be a general feature of protein aggregation, as is the case for protein folding (36) . Interestingly, values for some of the thermodynamical parameters of human insulin aggregation have recently been determined in solution by using light scattering techniques (37) , and the values for ⌬G, ⌬H, and T⌬S are within 5-30% of the present values we observed with the QCM technique, suggesting that the growth of amyloid near a surface is very similar to the corresponding process occurring in solution.
Another fundamental property we can now measure quantitatively is the dependence of the aggregation rate on denaturant concentration, thereby providing a direct analogy to experiments on protein folding (36) . Here, we measure the rate of fibril elongation at a fixed temperature while successively introducing an increasing concentration of the denaturing agent guanidinium chloride (GdmCl) into the growth solution. We find that the aggregation rate in Fig. 4A initially increases significantly with denaturant concentration, reaches a maximum, and then starts to decrease. To relate this effect to the changes in the structure of the protein in solution, we determined, using equilibrium unfolding monitored by 
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Growth rates (A) at different temperatures (B) were extracted from the linear fits (gray, A) of the mass loading as a function of time in the growth phases, and three different overtones were simultaneously monitored, n ϭ 3 (red), n ϭ 5 (green), n ϭ 7 (blue). (C) Shown is the average (squares) and the standard error (error bars) of the slopes for the different overtone numbers as a function of the temperature. The frequency shifts during and just after temperature change are not related to mass change, and measurements were only performed after equilibration at the new temperature (gray vertical bands) as described.
CD spectroscopy (see Materials and Methods), the fraction of protein molecules that are unfolded under the conditions used for the kinetic measurements, as shown in Fig. 4B . This analysis reveals that the maximum of the growth rate coincides approximately with the midpoint of the unfolding at 4 M GdmCl. The elongation rate increase at low denaturant concentration (0-3 M GdmCl) indicates that the species competent for fibril formation is not the native state under these conditions, but one that is at least partially unfolded (38, 39) . In contrast, at higher denaturant concentrations we expect two main factors together to lead to a decrease in the rates: first, the destabilization of the intramolecular interactions caused by the presence of denaturant will also decrease the strength of the intermolecular interactions driving the aggregation process (40) , and second, the probability of forming critical contacts for the aggregation reaction will decrease with the increasing radius of gyration (41) of GdmCl-induced unfolding. In accordance with our measurements in Fig. 4A , these competing effects lead to a rate profile that first rises to a maximum and then decreases again, in agreement with previous predictions from considerations based on molecular dynamics simulations (40) . These results are also consistent with the observation that the lag phase before fibril formation that is seen for unseeded insulin solutions can be reduced by the presence of GdmCl (42) . However, as our measurements are specifically sensitive to the elongation process, we can uniquely separate the relative influences of destabilization on the nucleation vs. elongation processes. Indeed lag times (42) , which are mainly sensitive to the nucleation rate, are minimal for less strongly destabilizing conditions (1-2 M GdmCl) than for which we measure a maximal elongation rate (4 M GdmCl). Two factors could underlie these differences: first, the nucleation step is likely to involve a larger number of critical intermolecular contacts than the elongation process and would therefore be preferentially disrupted by the presence of GdmCl, and second, the conformational requirements for nucleation could involve a more native-like precursor (43) , as opposed to the elongation of the fibrils, which is more efficient for a more unfolded structure.
The approach described in this article allows the growth of the same ensemble of fibrils to be followed under a variety of conditions simply by exchanging the solution in contact with the fibrils. This is of great significance because of the complexity in reproducing different samples of fibrils that have identical properties. With our approach it is now possible, for example, to map out multidimensional aggregation landscapes, such as that shown in Fig. 4C , by simply repeating the steps illustrated in Fig. 3 for a range of denaturant concentrations and temperatures. From such data, we can then follow how the thermodynamical parameters of the system underlying the aggregation under these conditions are affected by the presence of denaturant in the solution: the Arrhenius plots from the data in 
Effect of Chemical and Small Heat Shock Protein (sHsp) Chaperones on
Aggregation Rates. The power of the QCM approach also allows us to explore perturbations to the kinetics of amyloid growth resulting from the presence of additional components and to study their interactions with the molecular species involved in aggregation reaction. Of particular interest from a biological perspective is the inhibition of the growth of amyloid structures, and we have focused on the effects of a naturally occurring osmolyte trimethylamine N-oxide (TMAO) and a sHsp ␣B-crystallin.
Organic osmotic solute (osmolyte) systems such as TMAO have been shown to have an important role in a variety of organisms (44) in protecting biologically functional forms of proteins, particularly under conditions where severe environmental stress such as high temperature or the presence of urea are involved (44, 45) . We set out to investigate the question of how this stabilizing effect of such osmolytes, often called chemical chaperones, influences amyloid formation; to this effect, fibrils were deposited onto the sensor surface and initially exposed to a solution of insulin (I in Fig. 5A) . The solution was then exchanged to one containing 1 M TMAO in addition to insulin. The rate of mass increase, (II in Fig. 5A ) under these conditions was Ͻ25% of that in the absence of the chemical chaperone, suggesting that the presence of TMAO prevented the efficient transition of the soluble insulin into its fibrillar form. A similar trend was observed in parallel growth experiments carried out in solution and monitored with turbidity measurements. Osmolytes are known to enhance the thermodynamical stability of native states through the entropic penalty associated with preferential hydration of partially denatured regions of the protein (44) (45) (46) , thereby driving the refolding process. Given that aggregation requires partially unfolded states (data in Fig. 4) , we can attribute the origin of the inhibition to this fact. Finally, when an insulin solution without TMAO is again brought into contact with the fibrils, the growth resumes at the initial rate (Fig. 5A Inset) , showing that the inhibition of the aggregation reaction by TMAO is caused predominantly by interactions with the soluble precursor proteins and that no changes in the ability of the fibrils to seed the elongation reaction persist after the removal of the chemical chaperone.
A different picture presents itself when we probe the effect of ␣B-crystallin on fibril growth. ␣B-crystallin is a representative example of a common class of molecular chaperone, the sHsp, and has been shown to bind to exposed hydrophobic regions of partially unfolded proteins, and in certain cases to inhibit the formation of amyloid fibrils (47, 48) . Our kinetic data in Fig. 5B clearly demonstrate that the presence of 25 M of sHsp (a 0.5:1 molar ratio of sHsp to insulin) has an inhibitory effect similar in magnitude to that of 1 M TMAO; however, contrary to the case of TMAO, once the fibrils have been exposed to sHsp, they lose their ability to efficiently act as growth sites for further amyloid deposition. This effect can be visualized in the kinetic trace (III in Fig. 5B) , where the growth rates of fibrils previously exposed to sHsp (II in Fig. 5B ) still are only Ͻ25% of the rates observed for fresh fibrils. This observation suggests that sHsp chaperones can inhibit fibril elongation in deactivating the growth sites by binding to them and thereby reducing their ability to elongate. Interestingly, such a binding effect has been reported under the same conditions for a different fibril system, where the presence of bound ␣B-crystallin molecules was found to protect the fibrils from depolymerization under conditions that normally result in disaggregation (47) . This mechanism of inhibition of the elongation of fibrils is of particular interest, as molecular chaperones are often assumed to act simply by binding to aggregation-prone species present in the solution phase. More generally, the present methodology should allow such phenomena to be investigated in molecular detail and could be a valuable approach for accurate high-throughput screening of agents that are capable of binding to amyloid fibrils and inhibiting or otherwise partaking in their elongation.
Discussion
In conclusion, the experiments discussed here demonstrate that highly quantitative measurements of protein aggregation rates can be made and shed light on the fundamental kinetic and thermodynamical parameters that govern this process. Furthermore, the approach of measuring amyloid growth kinetics with a quartz crystal oscillator overcomes some of the major limitations and crucial problems of traditional methods, in particular, through the elimination of effects associated with the formation of amorphous aggregates and the nonstoichiometric nature of dye binding. Moreover, this technique allows fundamentally new types of experiments to be carried out through which the growth of an identical ensemble of fibrils can be monitored under different conditions, thereby enabling systematic in vitro investigation of factors affecting the growth and potential degradation of amyloid aggregates. Such reactions are of great consequence in, for example, the discovery of the nature of interactions within the cellular environment and the search for potential drugs to block or reverse the formation of amyloid plaques. In the present case, we have used this method to show that the rate of fibril formation is directly linked to the stability of the folded state of the precursor protein, and we have been able to characterize differences in the mechanisms by which sHsps and chemical chaperones can inhibit fibril growth.
Materials and Methods
Sensor Functionalization. Insulin amyloid fibrils were formed from an acid (pH 2.0) aqueous solution of bovine insulin (Sigma, Dorset, U.K.) at 10 mg/ml heated at 60°C for 24 h and left at room temperature for 7 days. By using a probe sonicator, the length distribution of the fibrils, first diluted 1:500 into water at pH 2.0, was reduced to Ϸ100 nm as shown in Fig. 1C , and the resulting seed fibril fragments were deposited onto the gold QCM sensor surface. The seed fibrils were left to adsorb onto the surface in a controlled environment of 100% humidity for 60 min. Then, the exposed gold surface not covered by fibrils was passivated with an inert PEG thiol [CH 3 O(CH 2 CH 2 O) 6 SH; Polypure, Oslo, Norway] monolayer, which was grown by replacing the seed solution by a 0.5% solution of PEG-thiol in water adjusted to pH 2.0 and incubated for 60 min. Finally, the sensor was inserted into the QCM, and the microfluidic system including the sensor was flushed repeatedly with an acid (pH 2.0) aqueous solution and left to equilibrate for 12 h. We used a D300 instrument (Q-Sense, Västra Frölunda, Sweden) to monitor the frequency shifts, the resonance frequency was recorded at several harmonics (5, 15, 25, and 35 MHz) simultaneously, and the sensors used were QSX 301-Standard Gold crystals (Q-Sense) with a frequency/mass sensitivity coefficient of 17.7 ng/cm 2 per Hz. The temperature in the 80-l chamber was stable to within 0.05°C. Growth kinetics were acquired by using insulin dissolved into water adjusted to pH 2.0 with dilute hydrochloric acid, except for the growth inhibition studies where conditions following ref. 47 were used (50 mM glycine buffer at pH 2.5 and 100 mM NaCl). For the temperatures, measurement times, and average lengths of fibrils used in this study, fracturing (17) is not expected to occur. Insulin solutions at 1 mg/ml and pH 2.0 were prepared with increasing (0-7 M) amounts of GdmCl and left to equilibrate for 12-24 h at room temperature. Before the insulin/GdmCl mixture was injected into the QCM, a solution of GdmCl at the corresponding concentration was used first to ensure a flat baseline. In this way, all of the concentrations from 0 to 7 M were measured. The temperature was then changed as shown in Fig. 3C , and the measurements series was repeated on the same sensor for three different temperatures. The Arrhenius plots for different temperatures but fixed GdmCl concentration were used to evaluate the enthalpic activation barrier, and the entropic contribution was extracted from the kinetic prefactor, as described. The error bars on the enthalpic barrier were calculated from the R 2 values of the fit to the Arrhenius equation. Because of the low growth rates and the resulting low signal-to-noise ratio in 7 M GdmCl, we were not able to determine the activation energy for this concentration.
Analysis of Equilibrium Unfolding. Insulin at a final concentration of 1 mg/ml was incubated in GdmCl solutions adjusted to pH 2 with HCl for 12-24 h at room temperature to allow for equilibration. CD measurements were acquired on a spectropolarimeter (Jasco, Easton, MD) using a thermostatically controlled 0.2-mm pathlength cuvette at 25°C. Measurements were recorded at 222 nm with the signal averaged over 60 s. The equilibrium unfolding data were fitted to a two-state model, which assumes the following dependence of the observed signal S obs on denaturant concentration [D] : TMAO and ␣B-crystallin Induced Inhibition of Amyloid Growth. Experiments were performed under conditions following ref. 47 : 50 mM glycine buffer at pH 2.5 and 100 mM NaCl. The higher ionic strength of the solution resulted in an increase of the growth rates when compared with experiments in 10 mM HCl. Bovine insulin was used at a concentration of 0.3 mg/ml, human recombinant ␣B-crystallin was used at 1.2 mg/ml (corresponding to a molar ratio of 0.5:1 of ␣B-crystallin to insulin), and TMAO was used at 1 M. Human recombinant ␣B-crystallin was expressed and purified as described (50) .
